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Abstract. There is demand in the Swedish sawmill industry to improve the accuracy of moisture content
measurements, both to obtain a better tool to run production and to ensure that the products meet customer
expectations. In this study, 240 well-conditioned pieces of Scots pine (Pinus sylvestris), sorted into five
different groups by visual inspection, were measured using microwaves and X-rays. Models to predict
moisture content of wood were made by measurements of an additional 45 pieces of wood. Using only
measured quantities from the microwave system, ie attenuation and phase shift, the root mean square error
(RMSE) of the estimated moisture content was 1.00%. By adding total density from the X-ray measure-
ments, RMSE of the estimated moisture content was lowered to 0.89%. Mean errors of the different wood
groups varied from –0.65 to 0.18%.
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INTRODUCTION
Higher production rate and less time from the
felling of trees in the forest to the final product,
driven by economic and qualitative factors, have
led to an increased demand during the last few
decades for accurate and automated measuring
devices. Because wood shows great variations in
properties among individuals and even within the
same individual (Dinwoodie 2000), this task has
proven to be a challenge.Nevertheless, it is impor-
tant to obtain as high a value as possible out of the
wood to sort the wood to the best designated end
product and to ensure that the quality demands of
the end product are fulfilled. Moisture content is
one quality factor that is important in the produc-
tion chain and in the final use of the wood (Esping
et al 2005). Industrial tests of commercial inline
moisture content meters have shown low accu-
racy from individual readings (Esping 2003;
Nilsson 2010). All methods for measuring mois-
ture content have their pros and cons, and most of
today’s meters only use one measuring technique
(Vikberg 2010). Nilsson (2010) demonstrated that
accuracy of moisture content measurements can
be improved by taking the visual properties of
wood into account. Because sawn wood is often
sorted according to different qualities by visual
methods using parameters such as number of
knots, knot size, and wood defects, it would be
straightforward to use this information together
with the moisture content measurements.* Corresponding author
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Microwaves have been widely used to predict
different wood parameters (Schlemm 2004;
Schajer and Orhan 2006). A high microwave fre-
quency gives high-resolution measurements, but
one needs to be aware of the risk of the phase
shift exceeding 2p (Hansson et al 2005). How-
ever, if wood density is known, it is likely that
a model will be able to predict the number of
multiples of 2p that the phase shift has expired.
One way to achieve high-resolution density mea-
surements of wood is by computer tomography
(CT) (Lindgren 1992).
This study considers moisture content mea-
surements taken with microwaves and combines
these measurements with density measurements
performed with a medical CT scanner. The tested
material was manually sorted into five differ-
ent groups based on its visual properties, and
the potential for increased accuracy in moisture
content measurements is discussed according to
the results.
MATERIALS AND METHODS
The tested material consisted of 195 pieces of
Scots pine (Pinus sylvestris) planed on four sides
to dimensions of 44  120  920 mm3 (R, T, z).
The pieces were chosen to represent different
kinds of wood, and by visual inspection, they
were divided into the following groups: normal,
fine, knot, check, and defect. Each group was
found in two different moisture content classes
conditioned to approximately 13 and 16% MC.
Characteristics of the different groups are as fol-
lows: the defect group contained large wood
defects, such as top rupture and spike knots; the
knot group contained considerably large sound
knots; the check group contained checks that
were easily discovered with the naked eye; the
wood classified as fine had very few and small
knots and most of the samples had a high amount
of heartwood and an average dry density higher
than the other groups; finally, the normal wood
was chosen to represent the most common wood
at a normal production site. From an end user’s
viewpoint, the fine group would be suitable for
window frames, the defect group would be suit-
able for packaging, and the other three groups
would normally be used as construction lumber.
Typical magnitudes of some of the characteristic
properties of the different groups were measured
and are presented in Table 1.
All pieces were measured with Satimo micro-
wave equipment (Satimo Microwave Vision
Sweden, Allingsås, Sweden) using a frequency
of 9.375 GHz (Johansson 2001). The measured
quantities were attenuation and phase shift in
two directions of polarization, corresponding to
parallel and cross-grain. The influence of the
dielectric properties of the wood on attenuation
and phase shift of the microwave was described
by Hansson et al (2005), whereas Schajer and
Orhan (2005) described a method to measure
these quantities. Wood density, ru,u, where u is
moisture content of the pieces, was measured
with a medical CT scanner (Siemens Somatom
Emotion Duo; Siemens AB, Upplands Väsby,
Sweden), as described by Lindgren (1992).
During measurements with the microwave equip-
ment, the short ends of the boards were placed on
metal supports, giving rise to some disturbance
Table 1. Typical magnitudes of some characteristics of wood
in the different groups.a
Group
CL
(mm)
CW
(mm)
No. of
KW
Max KD
(mm)
FD
(mm)
r0,u
(kg/m2)
Normal 0 0 1.7 23 0 400
Fine 0 0 1.3 7.5 0 450
Knot 0 0 2.2 34 0 400
Check 430 0.5 1.5 11 0 430
Defect 0 0 1.5 21 160 400
a Only the central 0.6 m of each board is considered because this was where
the actual measurement took place.
CL, check length; CW, check width; KW, knot whirls; KD, knot diameter;
FD, fiber disturbance; r0,u, density of dry wood at MC u.
Figure 1. Three characteristic boards from the normal group.
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of the measured values within the vicinity of the
supports. Therefore, only data from the central
0.6 m of each board were used for further analy-
sis. To give an idea of the visual appearance of
board characteristics, three representative boards
of each group are shown in Figs 1-5. Only the
parts of the boards from which data were col-
lected, ie the central 0.6 m, are shown.
Before the wood pieces were removed from the
conditioning chambers, each piece was sealed
with glue at the ends to prevent longitudinal
drying. Additionally, all boards were wrapped in
plastic together with other boards from the same
moisture content class to prevent large moisture
content changes.
As a calibration set, 45 pieces conditioned
to three different moisture content classes of
approximately 8, 13, and 16% were used. Char-
acteristics of the wood used for calibration were
the same as for the normal group. The calibration
set was kept relatively small to correspond to an
industrial calibration procedure. The moisture
content, used as the reference, of each individual
piece was achieved using the oven-dry method as
stated in CEN (2002).
Measured data were analyzed by constructing
a partial least square regression model using
Figure 2. Three characteristic boards from the fine group.
Figure 3. Three characteristic boards from the knot group.
Figure 4. Three characteristic boards from the check group
(checks are outlined).
Figure 5. Three characteristic boards from the defect group.
(Note large areas of grain deviations.)
Figure 6. Predicted moisture content (MC) using a model
based on measured microwave attenuation and phase shift.
Stars represent calibration boards, and circles represent
boards for which MC is predicted. The equation in the plot
is a linear least square fit to the prediction set.
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SIMCA (Eriksson et al 2006). Multivariate
data analysis has already shown great potential
and has been widely used in wood research
(Danvind 2002; Lundgren and Hansson 2007).
Two principal components were used in the
model to span the space to describe significant
relationships in the data. The 45 calibration
boards were used for constructing the model,
and prediction of moisture content for the
remaining 195 pieces was analyzed. In the first
model, the measured phase shift and attenua-
tion in the two directions of polarization
by means of microwaves was used; the sec-
ond model also included mean density from
CT measurements.
RESULTS
Results from the model predicting moisture
content from the measured attenuation and
phase shift in the two directions of polarization
by means of microwaves are shown in Fig 6.
The calibration set in Fig 6 had a coefficient
of determination (Montgomery et al 2004), R2,
of 0.92 and a root mean square error (RMSE) of
0.90%. The prediction set had an RMSE of 1.00%
and, as can be seen in Fig 6, an R2 of 0.68.
To obtain more accurate moisture content mea-
surements, measured wood density, ru,u, from
the CT was used together with the microwave
measurements (Fig 7).
Linear regression of the calibration boards in
Fig 7 had an R2 value of 0.94 and an RMSE
of 0.77%. The different slopes of the regression
lines of the calibration and prediction set show
that the calibration was not suitable for all
pieces of wood. RMSE of the estimated mois-
ture content was 0.89%.
To gain an idea of possible improvements in mois-
ture content measurements by also using an opti-
cal device, mean error and RMSE are presented
for the five different groups of wood (Table 2).
As seen in Table 2, RMSE was the smallest
for the most valuable wood, ie fine group.
Figure 7. Predicted moisture content (MC) using a model
based on measured microwave attenuation and phase shift
with density from computer tomography measurements
included. Stars represent calibration boards, and circles rep-
resent boards for which MC is predicted. The equation in
the plot is a linear least square fit to the prediction set.
Table 2. Mean error and root mean square error (RMSE) of moisture content measurements for the five different groups
of wood.a
Group "MW "MW;CT RMSEMW RMSEMW;CT RMSE

MW RMSE

MW;CT
Normal –0.65 –0.55 1.06 0.85 0.84 0.64
Fine 0.18 –0.21 0.64 0.61 0.62 0.58
Knot –0.36 –0.37 1.06 0.95 1.00 0.87
Check 0.17 –0.33 1.03 0.84 1.02 0.78
Defect –0.31 –0.59 1.12 1.13 1.08 0.97
All wood –0.20 –0.41 1.00 0.89 0.92 0.78
a Values are shown when only microwave measurements were used and when they were combined with computer tomography (CT) measurements. The two
last columns show RMSE after subtracting the mean error for each group, ie the best possible result if combining the measurements with a visual system.
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DISCUSSION
RMSE was decreased by adding density measure-
ments determined by CT scanning to the micro-
wave measurements. Adding a third measurement
technique would presumably further improve the
results. Because the mean errors differ among the
wood type groups, a visual system would also
improve overall accuracy. If the measurements
of a board were taken along the whole length of
the board, one could filter out regions in which
the signal is stable, which implies that no dis-
turbances such as grain deviation or knots were
present. In most cases, however, the boards are
cross-fed through the final sorting stations in which
the moisture content should be measured. In this
case, connecting a visual system to the moisture
content meter would be beneficial for detecting
objects that are within the meter’s measuring
range, thus affecting the measured amount.
In the prediction set, there were two points with
considerably low reference moisture content. This
result was strange because these boards were
placed in the same climate chamber as the rest
of the pieces in the 13% MC class. There may be
some errors in the reference values for those two
individuals; excluding them from the prediction
set would, however, not produce a remarkable
change in the accuracy of the prediction model.
In this study, board thickness was not used as a
parameter in the model because the boards were
planed to the same dimensions. This step should
normally be done because measured microwave
values are related to wood and water surface
density (kg/m2), ie the thicker the board, the
greater the attenuation and phase shift. A large
attenuation caused by high-density wood, high
moisture content, or thick boards limits the use
of the described system. Generally, the limit is
a moisture content of approximately 20% for
a 50-mm-thick board with a dry density of
500 kg/m3. The vicinity of the board’s edges
will also cause diffraction of the field, and mea-
surements originating from those areas will be
difficult to interpret correctly.
An industrial calibration procedure could be sim-
plified if only one board dimension could be used
together with preprogrammed correlations for
other dimensions. This is concluded because there
were problems with the calibration in this study,
although only a single dimension with well-
defined wood was used. Calibration procedures
could also be simplified by using calibration
dummies with well-defined dielectric properties.
In summary, this study shows that the accuracy
of moisture content prediction was increased by
combining microwave measurements with CT
measurements. Mean error also differed among
the wood type groups, showing the potential to
further increase the measurement accuracy by
adding a visual system.
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Skellefteå, Sweden.
Lindgren O (1992) Medical CT-scanners for non-
destructive wood density and moisture content mea-
surements. Doctoral, Luleå University of Technology,
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